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Tel: +86 21 6598 0258; Fax: +86 21 6598 0600   1 Introduction  Water quality issues are heavily dependent on land development and management decisions within river and lake catchments or watersheds. Economic benefits of urbanisation may be short‐lived without cleaner environmental outcomes. However, whole‐of‐catchment thinking is not, as yet, as frequent a consideration in urban planning and development in China as it is in many other countries. Water is predominantly seen as a resource to be ‘owned’ by different jurisdictions and allocated to numerous users, both within a catchment and between catchments. An alternative to this approach is to think of water in the same way as other commodities that must be kept moving through a complex transport system. Water must ultimately arrive at particular destinations in the biosphere, although it travels across a broad landscape and may be held up temporarily at certain places along the way. While water extraction can be heavily controlled, water pollution is far more difficult to regulate. Both have significant impacts on water availability and flows both now and in the future. As Chinese cities strive to improve economic conditions for their citizens, new centres are being rebuilt and environmental values in these new communities are changing. This is an opportunity for water sensitive urban design (WSUD) to contribute to more sustainable water management in new urban areas in China.  2 Project brief and problem indentification  Two projects that illustrate how WSUD principles can be used in landscape planning and design in China are located in the Hutuo River catchment and the Dongting Lake floodplain in the Yangtze River catchment. Shijiazhuang, capital of Hebei Province, is located on the Hutuo River that flows from the Xizhou Mountains （Xitai Mountains） in Shanxi Province into the Ziya River in Hebei (literally ‘North of the River’) Province, forming part of the Hai River system flowing into the Bohai Sea. It is a seasonal river now due to the high extraction of surface and groundwater water resources for agricultural, urban and industrial land uses during the Reform era. The city is situated in the flat alluvial floodplain of the Hutuo River to the south of the river, with Zhengding, a smaller county‐level city to the north. The semi‐arid monsoon climate means that Shijiazhuang receives two thirds of its annual precipitation of approximately 500 mm per year in July and August (Xiao et al, 2006; p. 70). Two large water reservoirs, the Gangnan Shuiku and Huangbizhuang Shuiku, have been constructed to the west of Shijiazhuang. Continued pumping from the unconfined and confined aquifers in the western and central parts of the river 
 
basin is causing water salinisation, lowering of the water table and ground subsidence in some places (Zhang et al, 2002; p. 1).   Yueyang is located on Dongting Lake, in a flood‐basin where the Xiang Jiang, Zi Shui, Yuan Jiang, Li Shui and 5000 tributaries converge before flowing into the Yangtze River in north‐eastern Hunan (literally ‘South of the Lake’) Province. The subtropical monsoon climate means that Yueyang receives approximately 1200 – 1700 mm per year in summer and spring. In July‐September, the floodwaters of the Yangtze River flow into Dongting Lake, increasing its area to approximately 3900 km2 during the flood season (International Lake Environment Committee, 2009). The rich marshland of the Yunmeng Marsh north of Dongting Lake, in Hubei Province, attracted farmers during the Han Dynasty and embankments were constructed to keep out floodwaters. Since then Dongting Lake has become the Yangtze River’s major flood plain and is China’s second largest freshwater lake. Once China’s largest, sedimentation from the four rivers plus the Yangtze River have reduced its capacity. Pesticides and poorly treated wastewater discharges from paper mills and power plants have caused environmental problems for fish and birdlife in the marshlands. Several smaller lakes drain into Dongting Lake and smaller rivers such as the Wang Jia He flow into them from the surrounding hill slopes of Yueyang. Engineering works control the water levels of these lakes, greatly modifying natural flows around the city.  
 In planning a new lakeside city centre for Shijiazhuang and a riverfront recreational business centre for Yueyang, two main types of pollutants were of concern from an ecological point of view. There were those that originated from point sources or specific locations and those that originated from non‐point sources or large areas of the landscape. Landfill sites, old factories and construction waste dumps collected, generated and released undesirable waste products that could be traced back to their original source. These sites produced point source pollutants that could be identified and removed. However fertilisers, detergents, household waste, old septic systems, vehicle emissions, road spills, construction waste, exposed soil sediment and plant debris originated from numerous sources and were therefore very difficult to isolate. Based on studies in other catchments, we know that these non‐point source pollutants eventually find their way into numerous stormwater and groundwater systems, ultimately flowing into rivers and finally the oceans.   While tremendous efforts have been made to identify illegal waste dumping in China, there is still much to be achieved in dealing with storm water pollutants in newly emerging urban communities. The first step is to understand the principles of water sensitive urban design (WSUD) that can be applied to landscape planning and design along waterways in China. The second step is to be able to conceptualise the nature of water flows and pollutant sources within a Chinese catchment (Table 1). The third step is to consider different land uses as opportunities to collect and filter pollutants from stormwater runoff before they enter rivers and aquifers. Although the Hutuo River in northern China differs significantly from the Dongting Lake in southern China because of topography and climate, the principles for improving water quality can nevertheless be applied in different ways in both environments. Two case studies are presented here to illustrate how these principles of water sensitive urban design (WSUD) can be applied to urban development projects in these different contexts in China.  
 
Table 1  Typical pollutant sources in urban runoff  (from Wong, Breen and Lloyd, 2000, p. 7)   
Pollutant 
 
Source 
Solid
s   Nutrients   Organic Waste   Metals   Oils   Micro­organisms   Litter  Land under construction               Farmland for vegetables               Old residential areas               Roads & highways               Chemical & paper factories               Old industrial sites               Fish & bird farms               Old sewer systems               Stormwater drains                3 Principles of Water Sensitive Urban Design   The concept of WSUD was developed in Australia in the 1990s in response to stormwater management issues that became critical during prolonged drought conditions. It aimed to encourage a multi‐disciplinary approach to: 
• protect natural water systems within urban developments; 
• improve the quality of water draining from urban developments; 
• integrate stormwater treatment with other land uses for wildlife habitat, public recreation and better visual amenity within urban developments; 
• reduce runoff volume and peak flows from urban developments; 
• minimize drainage infrastructure costs; and  
• replace potable water use with stormwater use (Wong, Breen and Lloyd, 2000, p. 37). There are many differences in land development processes between Australia and China but common ground exists between these countries in striving to restore the ecology of urban environments. In order to understand WSUD principles in relation to water quality problems in China, it is important to be clear about the scientific issues associated with the problems that appear in aquatic systems. There are five important, although not exclusive, factors that influence the quality of water: temperature, oxygen content, dissolved nutrients, biological organisms and insoluble materials. Plans and designs of new urban developments that comprehensively address these factors will make a major contribution to improving water quality in waterways that drain cities in China.  3.1 Reducing the impermeable surface of urban area  A common feature of all cities is the increase in the imperviousness of the ground surface as roads, car parks, pavements, roofs and other repellent surfaces replace pervious agricultural and forestry land uses. As these surfaces heat up, particularly in summer, storm water that runs off roofs and streets increases temperatures in waterways. Warm water is toxic to many aquatic organisms. It also increases the solubility of unwanted solids such as salts while decreasing the solubility of desirable gases such as oxygen. Optimum water temperatures for aquatic species will differ between catchments depending on local climatic conditions but generally water 
 
temperatures should not exceed 18oC. Therefore the first principle of WSUD is to reduce the area of impermeable surfaces and increase soil water infiltration into subsoil systems.   3.2 Maintainning cool oxygenated water  Slow moving creeks, rivers, ponds and shallow lakes are vulnerable to ‘thermal’ pollution. In addition to this, power stations often release heated water into lakes and river systems from their cooling processes. Heated water reduces the amount of dissolved oxygen in the water. Many fish and plant species that have adapted to cooler conditions cannot tolerate higher temperatures and lower levels of oxygen. Aquatic plants produce oxygen through photosynthesis during the day but also use oxygen through respiration at night. The main source of dissolved oxygen is thus not from wetland plants but from mixing atmospheric oxygen with water through the action of wind and the turbulence of flowing water over obstacles in the streambed. Different species will have greater or lesser tolerances for low levels of dissolved oxygen but levels below 4 mg per litre are likely to stress most forms of aquatic life. Thus the second principle of WSUD is to maintain natural water flows and facilitate aeration of the system and keep the water cool and oxygenated.  3.3 Minimizing the organic waste move towards water bodies  Good quality water always carries some dissolved nutrients, that is elements and compounds necessary for plant growth from the soil and rocks through which it percolates before draining into surface waterways and underground aquifers. Problems however arise when some nutrients, particularly phosphorus (P) and to a lesser extent nitrogen (N), accumulate in water in excessive amounts. Concentrated sources of these nutrients include: unused fertilizers released from agricultural areas, parks and gardens; animal manure draining from intensive livestock production pens; discharges from factories, car exhausts, wastewater treatment plants, septic systems and domestic waste dumps; and any dead plant or animal debris accumulated in water, particularly after floods.  In the case of nitrogen, dinitrogen (N2) is the most abundant gaseous element in air but cannot be used directly by plants or animals. Bacteria, some in the nodules of leguminous plants, some algae, rain and lightning can convert N2 into inorganic forms such as nitrates (NO3) and nitrites (NO2). It is however the decomposition of existing organic forms of nitrogen (C complex‐NH2) in animal manure, plant debris and human waste into ammonium (NH4) and nitrates (NO3) that is the most important source of nitrogen for plant growth. While ammonium (NH4) is not easily lost from the soil, nitrates (NO3) are far more mobile being dissolved in water and, if not absorbed by plants, are washed into surface and underground water supplies. High levels of nitrites (NO2) can affect the oxygenation of blood in young animals and excessive nitrates (NO3) in water can stimulate the growth of photosynthesizing microorganisms in water bodies, turning the water bright green. The third principle of WSUD therefore is to minimize the movement of organic waste, nitrates (NO3) and nitrites (NO2) into watercourses, lakes and reservoirs.   3.4 Reducing the excessive input of inorganic phosphates in waterfront area  In the case of phosphorus, the weathering of rocks produces three forms of phosphates: orthophosphate, metaphosphate and organically bound phosphate. Orthophosphates are the most common inorganic forms in water, often used in fertilizers to boost plant growth in phosphorus‐deficient soils. Metaphosphates are found in detergents and water treatment processes. Organic phosphates occur in living and dead animal matter, plant material and soil sediments. Because soil particles have an affinity for phosphate (PO4) ions, they are usually less mobile than nitrates (NO3) in water and generally not toxic to animals. They are however very important in the genetic replication, use and storage of energy in plant and animal cells. Excessive accumulation of phosphate fertilizers, detergents and organic matter in storm water runoff can significantly add to the nutrient load and imbalance of a catchment system, encouraging the growth of microorganisms in water bodies. The fourth principle of WSUD is to reduce the excessive input of inorganic phosphates into soils and water.   
 
3.5 Using suitable biological organisms to filtrate water contaminants  The abundant growth of biological organisms such as phytoplankton and some algae (cyanobacteria) can be seen in many urban waterways, where fish and invertebrates no longer feed on these microorganisms. In extreme situations, a ‘bloom’ of microorganisms can block all light entering the water and as these microbes die, dissolved oxygen is depleted in the decomposition process and biological oxygen demand escalates. This causes other oxygen‐dependent aquatic organisms to also die. On the other hand, the use of biological organisms in constructed wetlands is becoming an accepted practice in China. Stormwater detention systems consisting of submerged and emergent plant communities can improve water quality. Problems in the long term can however emerge in these systems. These include: the accumulation of organic and inorganic litter, oil slicks, weed growth, water‐borne insects and soil loss during flooding in addition to algal blooms in stagnant water. The effectiveness of wetland systems in improving water quality can be highly variable and attempts to predict their performance are not always successful due to the complex biological inter‐relationships within aquatic eco‐systems. It is worth considering that while local agricultural production may contribute to many water quality problems, it can also be part of the solutions in China. Traditional terraced rice paddies combined with fish farming once worked with seasonal conditions like constructed wetlands to minimize weeds, mosquitoes and loss of fertile soil. In contrast, contemporary vegetable farming for greater financial returns requires dry land, more fertilizers and other chemicals for pest and weed control. The fifth  principle of WSUD then is to carefully consider, perhaps using local knowledge, how to use the most suitable biological organisms as filters for water contaminants.   3.6 Reducing the load of insoluble materials in waterfront area  Insoluble materials that affect water quality include: oil, grease, surfactants, sand, silt and clay particles, petroleum hydrocarbons, heavy metals, gross pollutants and litter. Many of these are transferred to waterways from petrol stations, garages, car parks, car washes, construction sites, roads and freeways during storm events. These materials can result in storm water with high levels of turbidity or muddiness. High turbidity reduces the amount of sunlight that penetrates the aquatic environment, reducing the ability of submerged plants to photosynthesize. If prolonged, high turbidity can eventually cause submerged plants to die thus reducing the viability of other aquatic organisms that feed on them. Brown algae is often evidence of sedimentation or muddy water. Oil, grease and petroleum by‐products on the water surface will decrease gaseous exchange with the atmosphere and adversely affect fish feeding on air‐borne insects. Heavy metals adhering to sediment, gross pollutants and litter such as plastic bags, paper products, glassware, old clothes, disused furniture, demolition waste and other refuse are often dumped directly into the riparian zone of watercourses or mixed with soil excavated and used as fill along watercourses. This not only looks unsightly but also has a detrimental impact on the healthy growth of riparian plant communities. Leachate, subsidence and uneven drainage from refuse limits root growth along river banks. The sixth principle of WSUD then is to reduce the load of insoluble materials in and adjacent to watercourses.   4 Problem solving strategies and approach  4.1  Applying the Principles to Two Waterways for Healthier Catchments  Both the Shijiazhuang and Yueyang projects were focused on development along two major surface water systems that would drain new urban areas. Understanding the broader water‐related issues of each catchment assisted in developing project objectives for healthier waterways. From the air, it was clear that both catchments were dominated by agricultural production, cereal crops in the north and rice in the south with vegetable farming close to village settlements. On the ground, small‐scale low‐grade industrial enterprises occupied vacant urban land and many other larger industrial enterprises, such as the brickworks in Yueyang and fabrication plants in Shijiazhuang were closing down. New two to six lane roads and crossings were being constructed across riparian zones. A buffer zone of recreational parkland along the rivers and waterways was essential in mitigating the flow of pollutants from surrounding roads, agricultural and industrial land. The landscape plans had to respond to the topography and climate of each site. The flat topography and wide riverbed in the Hutuo River project meant that 
 
the waterway was largely linear, up to 2 km in width and shallow (less than 3 m), except where very deep quarries had been dug up to 30 m to extract gravel and sand for construction purposes. These quarries were half‐filled with sediment before being flooded, providing deeper areas for maintaining cool temperature water. In Yueyang, the undulating topography along the Wangjia River meant that the waterway meandered around steep hills that could shade the aquatic environment and cool the water during the hotter times of the day in summer.   Taking into account seasonal changes in water flows was also important in maintaining a high quality ecological environment throughout the year.  Water could be detained in deeper ponds and wetlands during wet conditions and released slowly into low‐flowing waterways during dry conditions. In Shijiazhuang, it was proposed to increase the connectivity of adjacent channels with the river in order to have the ability to circulate, store and aerate water throughout the city centre. In Yueyang, deeper ponds (up to 5 metres deep) were proposed along the western banks of the river system and wetlands at the confluences of tributaries and the main channel to maintain flows. Rocks and falls between farmed terraces that stepped down the tributaries were also included to aerate flowing water. Overhanging vegetation along the riverbanks would provide shade for aquatic life and stabilize slopes to prevent scouring. In Shijiazhuang, the environmental zone of the island offered potential to create water edges with fallen timber as potential breeding grounds for small fish, frogs and invertebrates. Ideally, the bed of the river would have rocks of varying sizes, gravel and fine sediment filling less than 25% of the spaces in‐between. This would encourage turbulence and habitat diversity in the aquatic environment. In practice, however, channels are generally dug with a uniform layering of sand, clay or even concrete. This is poor habitat for aquatic organisms but common in many waterways.   4.2 Agricultural Production for Improved Water Quality 
 Agricultural production has led to many negative impacts on Chinese river catchments. Cultivation of annual crops risks exposing fertile topsoil to wind erosion in dry environments and water erosion in wet environments. Without perennial root systems to bind the soil, air‐borne and water‐borne eroded sediment eventually flows into channels, streams, rivers and lakes. The overuse of synthetic fertilisers and pesticides from small family holdings can saturate the local food chain, causing chemical imbalances in aquatic ecosystems. The addition of untreated animal manure or household effluent on soils can carry water‐borne diseases and decomposing organic matter directly into watercourses, increasing biological oxygen demand in water bodies. Sediment, chemicals and waste materials may be flushed away locally, only to be concentrated further downstream in urban water supplies. In China, relocating rural workers and rezoning agricultural land may not be the only solution. Rural training schemes could change land practices so that agricultural production could provide positive social and environmental benefits.  Government‐sponsored soil testing and analysis could reduce phosphate and nitrate fertilizer applications to only what is required in agricultural areas, parks and gardens. Responsible treatment of wastewater on site could decrease phosphates originating from households, industrial and municipal facilities. In addition to this, the separation of grey water (from laundry washing, dishwashing, car washing and hygienic bathing) and black water systems (from toilets, industrial chemical discharge and commercial processes) in new urban areas could greatly assist in long‐term recycling of water and nutrients in agricultural and parkland irrigation systems. With careful land use planning and education, conventional farm production could even be transformed into organic farm production for premium prices. While these proposals from the Shijiazhuang and Yueyang projects may be ambitious at present, they make a significant point. The widespread and permanent conversion of agricultural land to commercial and residential land uses may or may not have short‐term economic benefits but will certainly reduce options for such advances in land management in the future. Productive land, particularly along waterways, is a valuable asset to be saved for coming generations. Hence, retention of agricultural land as valuable green space for food production, recreation and even biodiversity conservation in new urban areas would be a significant achievement. 
 
 
 
4.3 Changing Urban Water Flows for Better Soil Infiltration 
 International debate continues as to whether it is more sustainable to build compact high‐rise communities or scattered low‐rise communities. Meanwhile, Chinese cities continue to go up and out as rural migration generates more demand for urban housing and services. Targets for public open space in compact Chinese cities vary between 11% and 14% and new urban developments must provide a minimum of 30% green coverage for residents (He and Jia, 2007, p. 241). However in many communities, especially in China, these outdoor spaces are often covered with robust but impermeable surfaces on roads, car parks, footpaths, cycleways, roofs and walls of buildings. High clay soils, common in river floodplains and deltas in China, have poor drainage and so storm water is usually channeled underground through efficient pipelines directly into canals and rivers. In Shijiazhuang and Yueyang too, soil types had a high proportion of clay but the conventional way of channeling urban water flows was challenged to improve water quality in urban waterways. 
 Ideally in both projects, runoff would be collected from new residential and commercial buildings for on‐site storage and reuse. Buildings and construction works would be set back away from watercourses to minimise pollutants entering urban water flows. Roof gardens and podium plantings could be useful in reducing peak flows and cooling surface temperatures, depending on the depth and materials used. Green walls are also helpful around buildings to provide shade and reduce radiant heat. Excess water from storage tanks not used within building complexes for toilet flushing, irrigation, laundry and car washing, would run into wet/dry vegetated drainage swales or directly off roofs into wetland ‘gardens’ to filter and cool water flows. Vegetated swales would be located beside roadways for better amenity for pedestrians and cyclists or in median strip planting areas separating traffic flows. Many pollutants including sediment, organic matter, heavy metals, nutrients, litter and thermal heat can be collected in these open swales rather than being piped directly into waterways to become a greater problem further down the catchment. Setbacks from watercourses should be maximized for planting of flood buffer zones along the water edges, both above and below fluctuating water levels. Roads and paths would be separated from water edges by planting.   Horizontal surfaces for transportation are the most challenging due to wear and tear by vehicular and foot traffic, particularly in areas of high concentration in China. Bitumen and concrete are non‐permeable construction materials. New construction materials made from recycled glass and ceramics as well as perforated materials are permeable. If the degree of use can be categorized for minor and major roads as well as heavy to light foot traffic areas, a better mix of permeable and non‐permeable materials can be facilitated. Raising, rather than lowering, the level of roadways, pathways and carparks above grade is the key to improving water flows from poorly drained soils into adjacent planting areas. Where water must be collected and drained into underground pipes, litter traps should filter water before entering the waterways to collect gross pollutants.Detention ponds collect soil particles with adhered pollutants such as nutrients, heavy metals and organic materials. These swales, traps and ponds must be cleaned and maintained regularly otherwise their use will be compromised.   5 Conclusion  Whole‐of‐catchment thinking is an important step in the improvement of water quality and availability in Chinese cities. It signals a greater appreciation for the fact that water must continually move through the landscape and that local pollutants must first be treated before they are flushed into larger bodies of water where problems become more difficult to treat. Stagnant water creates many pollution problems. It is therefore necessary to begin reducing non‐point source pollutants in Chinese water supplies by working at the finer scale: the street, carpark and waterfront. Water sensitive urban design (WSUD) is a key strategy for landscape planners and designers to reduce these problems. Understanding WSUD at a broad scale is first necessary to integrate detailed design work into city planning schemes. Many on‐site design and construction decisions have significant consequences for the whole catchment. It is possible however to show how WSUD principles have been used in different situations at the detailed 
 
design level. WSUD aims to reduce infrastructure costs while protecting water quality in channels and rivers. Many times low‐tech design solutions are better than high‐tech ones.   While the principles of WSUD were developed for Australian cities, the overall ecological goals are in many ways applicable to Chinese cities. Reducing impermeable surfaces, maintaining natural flows, cooling and oxygenating water, minimizing excess nutrients in soil and water, assessing biological organisms for filtering contaminants and reducing the load of insoluble materials are essential in all landscape planning and design work. The Shijiazhuang and Yueyang projects offered clear opportunities for proposing strategies to improve water quality in the Hutuo and Wangjia River systems. A far greater challenge exists in converting these ideas into construction know‐how on the ground. Water quality will only improve with a better understanding of how aquatic systems can recover, 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